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CONVERSION  FACTORS,  NON-SI  TO  SI  (METRIC) 
UNITS  OF  MEASUREMENT 


Non-SI  units  of  measurement  used  in  this  report  can  be  converted  to  SI 
(metric)  units  as  follows: 


_ Multiply _ 

Fahrenheit  degrees 

feet 

foot-pounds  (force) 
inches 

kips  (force) 

kips  (force)  per  square  inch 
pounds  (force) 

pounds  (force)  per  square  inch 
square  Inches 


_ _ 

5/9 

0.3048 

1.355818 

25.4 

4.448222 

6.894757 

4.448222 

6.894757 

6.4516 


_ To  Obtain 

Celsius  degrees 
or  ke Ivins* 

metres 

joules 

millimetres 

kilonewtons 

megapascals 

newtons 

kilopascals 

square  centimetres 


*  To  obtain  Celsius  (C)  temperature  readings  from  Fahrenheit  (F)  readings, 
use  the  following  formula:  C  ■  (5/9)  (F  -  32).  To  obtain  kelvin  (K)  read¬ 
ings,  use  K  -  (5/9)  (F  -  32)  +  273.15. 


STRENGTH  DESIGN  OF  REINFORCED  CONCRETE 
HYDRAULIC  STRUCTURES 

EXPERIMENTAL  STUDY  ON  THE  ULTIMATE  BEHAVIOR  OF  MODEL 
REINFORCED  CONCRETE  CIRCULAR  CONDUITS 

PART  I:  INTRODUCTION 

1.  The  objective  of  this  project  was  to  test  various  circular  rein¬ 
forced  concrete  (R/C)  conduit  models  to  observe  and  analyze  the  failure  modes. 
These  models  represent  possible  Corps  of  Engineers  designs.  The  results  of 
this  study  will  be  used  to  develop  a  proposed  strength  design  criteria  for  R/C 
circular  conduits. 

2.  Twenty-one  circular  conduits  were  fabricated,  eighteen  being  rein¬ 
forced,  and  three  being  unreinforced.  The  three  unreinforced  models  served  as 
rehearsal  test  specimens.  Three  variables  were  analyzed  in  this  testing 

procedure:  the  curvature,  steel  percentage,  and  loading  conditions.  Con- 
* 

stants  were:  f'  ,  f  ,  E  ,  E  ,  and  v 
c  y  c  s  'c 

where 

f^  -  28-day  uniaxial  compressive  strength  of  concrete 

f  *  yield  strength  of  steel 

E  -  initial  elastic  concrete  modulus 
c 

Eg  *  modulus  of  elasticity  of  steel 
Yc  ■  unit  weight  of  concrete 

The  test  specimens  were  instrumented  at  the  crown  and  springing  line  sections 
to  measure  strains  on  the  concrete  and  steel  reinforcement  and  deflections. 
Figure  1  shows  a  typical  test  section.  Table  1  summarizes  the  models  and 
Table  2  lists  the  order  of  testing. 

3.  These  models  were  tested  in  a  loading  apparatus  that  simulated  a 
design  pressure  loading,  as  discussed  in  Report  4  of  this  series  (Chiarito  and 
Mlakar  1986).  Each  of  the  18  reinforced  circular  conduit  models  failed 
primarily  in  flexure.  All  of  the  failures  were  ductile  (the  steel  yielded 


*  For  convenience,  symbols  are  listed  and  defined  in  the  Notation 
(Appendix  H) . 


R  -  RADIUS  TO  MIDDEPTH 


before  the  concrete  crushed)  or  brittle  (the  concrete  crushed  before  the  steel 
yielded) .  The  crown  and  springing  line  sections  were  the  critical  sections 
governing  failure  of  the  model  conduits. 

4.  During  each  test,  observations  were  noted  and  photographs  were  taken 
and  are  shown  in  Appendix  A.  Video  records  were  made  of  the  last  seven  tests 
conducted. 

5.  Observations  noted  during  a  later  test  series  are  contained  in 
Appendix  B.  Appendix  B,  also  contains  a  discussion  of  the  test  plan,  loading 
apparatus,  instrumentation,  data  acquisition,  test  procedure,  material  prop¬ 
erties,  and  test  observations  along  with  tabulated  results  and  plots. 
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PART  II:  EXPERIMENTAL  PROCEDURE 


Test  Plan 


6.  The  test  plan  Involved  a  matrix  with  three  variables:  curvature 
(three  values),  loading  conditions  (four  values),  and  steel  percentages  (three 
values).  The  qualitative  behavior  of  R/C  circular  conduits  was  observed  in 
each  test.  Eighteen  reinforcement  models  were  planned  and  populated  the  test 
matrix  shown  in  Table  2.  At  most,  only  two  variables  among  given  tests  were 
duplicated.  The  3:1  loading  (ratio  of  load  at  crown  to  load  at  springing 
line)  was  considered  to  be  an  average  design  loading,  a  middle  steel  percent¬ 
age  of  about  1  percent  was  considered  an  average  design  steel  percentage,  and 
an  intermediate  curvature  with  R/h  **  2.5  was  considered  an  average  curva¬ 
ture.  The  matrix  was  first  populated  along  the  averages  of  these  three  vari¬ 
ables.  Then  tests  were  planned  to  check  the  upper  and  lower  limits  of  the 
three  variables.  The  curvatures  were  bounded  between  R/h  »  4.5  and  1.5, 
which  represent  a  very  thin  and  a  very  thick  conduit,  respectively.  From  more 
recent  surveys,  these  values  are  shown  to  be  limits  of  Corps  structures  that 
are  being  planned  or  have  been  constructed.  The  other  three  loading  condi¬ 
tions  were  4:1  (the  most  eccentric  loading),  2:1,  and  1:1  (hydrostatic  load¬ 
ing).  The  other  steel  percentages  used  were  0.5  and  1.5  percent. 

7.  The  outside  diameter  of  the  models  was  20  in.*  Each  model  contair  d 
two  layers  of  reinforcement,  compression  and  tensile  reinforcement,  with  a 
total  of  four  bars  in  a  given  section.  Before  the  reinforced  models  were 
tested,  three  plain  circular  conduit  models  were  tested,  one  of  each  curvature 
(R/h  ■  1.5,  2.5,  and  4.5).  The  testing  of  the  plain  circular  conduit  models 
established  a  standard  testing  procedure  and  identified  any  problems  with  the 
new  testing  setup. 

Loading  Apparatus,  Instrumentation,  and  Data  Acquisition 

8.  The  loading  apparatus  used  was  the  same  as  that  for  the  first  series 
of  tests  (Chiarito  and  Mlakar  1986).  Instrumentation  included  strain  gages  on 


*  A  table  of  factors  for  converting  non-SI  units  of  measurement  to  SI 
(metric)  units  is  given  on  page  3. 
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the  reinforcement  and  surface  concrete  strain  gages.  Deflection  gages  were 
also  used  to  measure  deflection  of  the  crown  and  springing  line.  The  loca¬ 
tions  of  the  gages  are  shown  in  Figures  2  and  3.  The  data  acquisition  system 
employed  used  a  data  logger  to  record  the  strains  and  deflections  at  a  given 


Figure  2.  Test  scheme  and  gage  locations 


GAGE 


Figure  3.  External  strain  gages 


load  level  onto  a  cassette  tape.  This  enabled  a  direct  digital  output  of  all 
strain  and  deflection  results.  The  experimental  equipment  is  listed  in 
Table  3. 

Test  Procedure 

9.  After  calibrating  a  load  distribution  on  the  hydraulic  controller,  a 
model  conduit  was  placed  in  the  reaction  frame  so  that  the  center  line  of  the 
ram  aligned  with  the  loading  plane  of  the  model.  The  model  was  supported  at 
four  points  by  shim  plates  and  two  4-  by  4-  by  1/2-in.  pieces  of  Teflon. 


The  Teflon  pads  were  cleaned  with  a  solvent  beforehand  and  provided  a  very 
good  low-friction  surface  to  allow  free  translation  of  the  model  during 
loading.  With  the  model  in  place,  the  instrumentation  channels  were 
connected. 

10.  Before  the  model  was  loaded,  each  rod  of  the  ram  was  positioned  to 
just  touch  the  model  bearing  plates.  Then,  while  the  pressures  in  the  jacks 
were  increased,  data  were  recorded  on  cassette  tape  with  the  digital  data 
logger.  The  loading  rate  for  each  of  the  tests  was  approximately  100  psi/min 
(2,000  lb/min  in  the  jack  with  the  largest  load). 


PART  III:  TEST  RESULTS 


Material  Properties 

11.  The  material  properties  listed  In  Part  I  (f^  ,  Ec  ,  Yc  >  f  ,  and 
Eg)  were  used  In  analyzing  test  results.  In  addition,  the  Poisson's  ratio  for 
the  day  on  which  testing  was  conducted  (designated  as  v)  was  also  used. 

Tables  4  and  5,  respectively,  list  the  results  from  the  tensile  tests  of  the 
steel  reinforcement  and  the  uniaxial  compressive  tests.  As  shown  in  Table  5, 
three  batches  of  concrete  were  mixed,  with  each  batch  being  used  for  six 
models.  Thirty-six  standard  6-  by  12-in.  concrete  cylinders  were  tested  to 
obtain  material  properties  on  the  day  of  the  test.  The  values  of  f^  on  the 
test  day  were  used  as  parameters  for  the  concrete  material  property  according 
to  Hognestad's  constitutive  law  (Hognestad,  Hanson,  and  McHenry  1955). 

12.  Table  4  lists  the  four  sizes  of  steel  reinforcement  used  and  the 
number  of  bars  tested.  An  average  yield  strength  and  modulus  of  elasticity 
were  computed  for  each  bar  type. 


Observations 


13.  Test  observations  are  summarized  in  Tables  6  through  8.  In  the 
five  thick  models  with  R/h  -  1.5  (Cl-1,  C2-1,  C2-2,  C2-3,  C3-1),  a  brittle 
type  of  failure  was  observed  as  expected.  First,  tensile  cracks  occurred  at 
the  crown,  followed  by  spalling  and  crushing  at  the  springing  line,  and  then 
failure  by  sudden  collapse. 

14.  As  expected,  the  five  thin  models  with  R/h  *  3.9  to  4.5  (C7-1, 
C8-1,  C8-2,  C8-3,  C9-1)  had  ductile  failures  with  steel  yielding  before 
concrete  crushing.  Four  hinges  formed  in  each  model  as  the  tension  cracked 
and  the  compression  concrete  crushed  at  crown  and  invert  and  both  springing 
line  sections. 

15.  The  eight  intermediate  models  with  R/h  *  2.4  (C4-1,  C4-2,  C5-1, 
C5-2,  C5-3,  C5-4,  C6-1,  C6-2)  had  ductile  or  brittle  failures.  The  brittle 
failures  occurred  in  the  models  with  1:1  or  2:1  loading,  except  for  model  C5-2 
(2:1  loading)  where  four  hinges  formed.  Model  C5-3  (1:1  loading)  collapsed 
suddenly  with  initial  crushing  at  the  intrados,  and  models  C4-2  and  C6-2  (2:1 
loading)  collapsed  suddenly  after  spalling  at  the  springing  line.  Ductile 


failures  with  the  formation  of  four  hinges  occurred  in  the  models  with  3:1  and 
4:1  loading. 

Load  Distributions 

16.  Data  from  the  load  cells  are  presented  in  radial  load  distribution 
plots  in  Appendix  C  for  each  test.  Load  distributions  at  a  given  time  are 
plotted  on  the  same  axis  to  show  growing  load  distribution  with  increasing 
pressure.  Star  symbols  represent  the  predicted  load  distribution  for  the  last 
load  step.  In  Table  y,  the  ratios  of  crown  to  springing  line  loads  are  listed 
for  two  load  levels  per  model. 

Load  Strain  and  Load  Deflection  Plots 

17.  Data  from  the  largest  load,  cell  1  or  9,  were  used.  The  data  from 
the  strain  gages  on  the  steel  reinforcement  and  concrete  are  plotted  as  load 
versus  strain.  Also,  the  data  from  the  deflection  gages  are  plotted  as  load 
versus  deflection.  These  plots  are  shown  in  Appendix  D  for  all  tests.  Note 
that  the  positive  moment  and  the  negative  moment  sections  refer  to  crown  and 
springing  line  sections,  respectively. 

Strain  Distributions 

18.  Data  from  the  strain  gages  at  the  crown  and  springing  line  sections 
foi  the  same  time  load  step  are  plotted  in  Appendix  E.  This  gives  a  graphical 
view  of  the  strain  distribution  and  scatter. 

19.  The  strain  distributions  of  the  positive  and  negative  moment  sec¬ 
tions  were  fitted  with  both  a  hyperbolic  and  a  linear  curve,  as  shown  in 
Appendix  E.  The  formulations  for  the  curve  fits  are  included  in  Appendix  F. 

A  least-squares  criterion  was  used  for  the  curve  fit. 

20.  In  Table  10,  the  results  from  the  curve  fits  are  listed.  The  two 
values  solved  by  the  curve  fits  are  the  depth  of  section  in  compression,  c  , 
or  the  maximum  compressive  strain,  .  The  results  in  the  column  labelled 
r^  are  the  values  of  the  correlation  coefficient  squared.  This  value  is  a 
measure  of  the  scatter  in  data  from  the  assumed  strain  distribution  (linear  or 
hyperbolic) . 


Resultant  Moments  and  Thrusts 


21.  Moments  and  thrusts  were  computed  for  each  strain  distribution  using 
the  section  properties  in  Table  1,  the  material  properties  in  Tables  4  and  5, 
the  neutral  axis  location  and  the  maximum  compressive  strain  obtained  from  the 
curve  fits.  The  hyperbolic  curve  fit  was  used  with  a  curved  beam  analysis 
computer  program,  and  the  linear  fit  was  used  with  a  straight  beam  analysis 
computer  program. 

22.  Moment  and  thrust  values  are  plotted  on  curved  beam  analysis  inter¬ 
action  diagrams  (plot  of  thrust  and  moment  capacity  of  a  section)  shown  in 
Appendix  G.  In  the  interaction  diagrams,  the  box  symbols  represent  the 
resolved  moment  and  thrust  from  curved  beam  analysis,  and  the  triangle  symbols 
represent  the  resolved  moment  and  thrust  from  straight  beam  analysis. 

23.  Predicted  load  paths  using  a  two-dimensional  (2-D)  (Airy  stress 
function)  and  a  one-dimensional  ( 1— D)  or  thin-ring  linear  elastic  structural 
analysis  are  also  plotted  on  the  interaction  diagrams.  The  Airy  stress  and 
l-D  linear  elastic  solutions  appear  in  Anderson,  Haelsig,  and  Reifel  (1966). 

The  2-D  and  l-D  load  paths  are  shown  as  a  solid  line  and  a  dashed  line, 
respectively. 
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PART  IV:  DISCUSSION  OF  EXPERIMENTAL  RESULTS 


24.  All  specimens  failed  In  flexure.  The  progression  to  failure  Is  de¬ 
scribed  In  the  test  observations  In  Part  III.  None  of  the  models  had  shear- 
type  failures,  which  were  typical  of  pipes  loaded  In  the  Three-Edge-Bearing 
Tests  (American  Concrete  Institute  1970).  Curvature  and  loading  appear  to  be 
the  two  most  Important  variables  In  the  test.  Very  thick,  thick,  and  thin 
models  corresponded  to  respective  R/h  values  of  1.5,  2.4,  and  4.5. 

25.  All  models,  except  the  model  under  hydrostatic  loading,  failed  at  a 
load  higher  than  predicted  by  2-D  or  1-D  linear  elastic  analyses.  Failure 
loads,  modes,  and  other  observations  are  summarized  In  Tables  6  through  8. 
Model  C5-3  (1:1  load,  R/h  »  2.4)  failed  at  the  predicted  linear  elastic  fail¬ 
ure  load. 

26.  The  predicted  failure  loads  at  crown  and  springing  line  sections 
were  obtained  by  reading  the  failure  thrust  at  the  Intersection  of  the  2-D  or 
1-D  load  paths  with  the  Interaction  diagrams  from  Appendix  G.  As  discussed 
below,  the  failure  loads  were  calculated  from  the  failure  thrust  using  Alrv 
stress  and  thin-rlng  linear  elastic  structural  analyses. 

27.  According  to  1-D  or  thin-ring  theory  (Anderson,  Haelslg,  and  Relfel 
1966),  the  thrust  T  Is: 

T  -  aj  RW  (1) 

where 

T  ■  thrust,  kips 

»  factor  that  is  a  function  of  location  on  ring  and  ratio  of  load  at 
crown  to  load  at  springing  line  or 

*  at  crown,  or 

*  at  springing  line 

where 

p  “  varying  pressure  component  magnitude 
q  «  uniform  pressure  component  magnitude 

q  -  ^  ;  p  -  -  ^  (4: 1  load) 


q  “  f  »  P  ■  -  |  0:1  load) 

q  -  |  J  p  -  -  |  (2:1  load) 

q  ■  1  ;  p  ■  0  (1:1  load) 

presaure  ■  q  +  p  cos  20 

where 

0  "  angle  measured  from  springing  line 

R  •  radius  of  Initial  curvature  to  middepth  of  section,  in. 

W  -  maximum  value  of  distributed  normal  load,  kips/in. 

28.  The  equivalent  maximum  concentrated  normal  load  occurs  at  the  crown 

and  is 

-  a.WR  (2) 

cr  i 

where 

Pcr  ■  concentrated  normal  load  at  crown,  kips 

a^  -  factor  that  is  a  function  of  ratio  of  load  at  crown  to  load  at 
springing  line 

29.  The  factor  a 2  was  obtained  by  integrating  the  distributed  load 
over  one-sixteenth  of  the  circumference  at  the  crown. 

*/2 

"  2  f  (q  +  p  cos  20)d0  -  2  Je  +  f  8ln  "t) 

7f/ 16 


(Refer  to  discussion  of  factor  a^  In  paragraph  27  for  values  of  q  and  p.) 

30.  Substituting  the  value  of  distributed  load  from  Equation  1  into 
Equation  .?  produces  the  following  equation  for  1-D  predicted  failure  load: 


P  -  T  — 
cr  a, 


O) 


Values  of  P 
3  I 


,  T  ,  a„  ,  and  a,  for  all  models  are  shown  in  Table  11. 

c  r  2  1 

According  to  Airv  stress  analysis  (Anderson,  Haelsig,  and  Reifel 


T  -  a3V 


where 


factor  that  is  a  function  of  inner  and  outer  radius  of  ring, 
location  on  ring,  and  ratio  of  load  at  crown  to  load  at  springing 
line 


:1<R0  -  V  +  4K2(Ro  -  *0  -  2K3^  -  M  “■  M 


2VR<>  -  V  ♦  "5  (r  -  ki) 


where 


■  angle  measured  from  springing  line 

■  outer  radius 

•  inner  radius 

■ 31 5  (Ro +  riro  +  2R0 

•  \  (Ro  4  3Rl) 

■  X  f  (3R>o  +  RlRo) 

•  -3i(Ro  -  Rl)2 

■ 6x  ri(ro  -  r2  i 


«  -  R03 


(Refer  to 


and  is: 


■  varying  pressure  component  magnitude 
-  uniform  pressure  component  magnitude 

discussion  of  factor  a^  in  paragraph  27  for  values  of  q  and  p.) 
The  equivalent  maximum  concentrated  normal  load  occurs  at  the  crown 


(5) 


P 

cr 


*2OTo 


where 

R  -  outer  radius  of  ring,  In. 
o 

33.  As  discussed  previously,  the  factor  a^  was  obtained  by  Integrating 
the  loading  function  over  one-sixteenth  of  the  circumference.  Substituting, 
the  value  of  distributed  load  from  Equation  4  Into  Equation  5,  the  following 
equation  for  2-D  predicted  failure  load  Is  formed: 


2 

P  -  TR  — 
cr  o  a^ 


(6) 


n 


Values  of  P  ,  T  ,  R  ,  a.  ,  and  a,  for  all  models  are  shown  In 
cr  o  L  J 

Table  11. 

34.  It  Is  Interesting  to  note  that  the  Implosion  pressure,  P  , 

1IH 

observed  for  model  C5-3  agrees  with  the  pressure  predicted  by  a  published 
empirical  design  equation  for  long  thick-walled  cylinders  (Chen  1982): 

pi. -f;(2-,7r-°-04)  <7' 


where 

P  -  Implosion  pressure,  psl 
lm 

f'  -  uniaxial  compressive  cylinder  strength,  psl  (3,632  psl  for 
C  model  C5-3) 

-  ratio  of  wall  thickness  to  outside  diameter  (3.469/19.937  or 
o  0.174  for  model  C5-3) 

Equation  7  predicts  Implosion  In  model  C5-3  at  1,215  psl,  or  1.1  percent  less 
than  observed  (1,228  psl  at  a  maximum  load  of  29,190  lb).  The  theoretical 
Implosion  pressure  (Chen  1982)  is 


P 


lm 


(8) 


For  model  C5-3,  Fquatlon  8  predicts  Implosion  at  1 .  ‘ 1 3  S  psl,  or  15. 7  percent 
less  than  observed.  Figure  U  shows  the  experimental  and  predicted  implosion 
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redistribute  the  load  so  that  the  loading  is  more  uniform  around  the  cylinder. 

36.  The  majority  of  the  predicted  failure  modes  agree  with  the  observed 
flexural  failure  modes.  Very  thick  models  had  brittle  failures  and  thin 
models  had  ductile  failures.  Thick  models  had  ductile  failures  for  the  3:1 
and  4:1  loading  cases  and  brittle  failures  for  the  1:1  and  2:1  loading  cases. 
Model  C5-2  (R/h  =  2.4,  2:1  load)  formed  four  hinges,  but  a  brittle  flexural 
failure  was  predicted  at  the  crown  and  springing  line.  Predicted  failure 
modes  at  the  crown  differ  from  failure  modes  at  the  springing  line  for  some 
models,  with  ultimate  capacity  near  the  balance  point  on  the  interaction 
diagram. 

37.  Results  indicate  that  the  thicker  models  may  be  more  resistant  to 
cracking  than  the  thinner  models.  As  indicated  in  Tables  6  through  8,  the 
observed  load  at  which  the  first  crack  appears  ranges  from  0.54  to  1.00  times 
the  observed  failure  load  (P)  for  models  with  R/h  -  1.5  ,  from  0.46P  to 
0.86P  for  models  with  R/h  =2.4  ,  and  0.25P  to  0.49P  for  models  with 
R/h  =  3.9  to  4.5  . 

38.  Appendix  C.  shows  that  the  greatest  difference  between  the  experi¬ 
mental  load  path  and  the  theoretical  load  paths  occurs  in  the  thicker  models 
(R/h  =  1.5). 

39.  It  should  be  noted  that  the  strain  data  for  model  C2-1  are  not 
consistent  with  other  models.  As  shown  in  Table  10,  the  effective  depth  of 
section  in  compression  (c/h)  Is  more  than  50  percent  smaller  than  the  effec¬ 
tive  depth  of  section  in  compression  for  most  of  the  other  models.  Therefore, 
the  thrust  is  unusually  small,  and  the  difference  between  theoretical  and 
experimental  load  paths  is  large,  as  shown  in  Appendix  G. 

40.  In  Table  10  the  results  of  the  fits  to  the  strain  distribution  are 
listed.  Statistically,  for  most  models,  the  hyperbolic  fit  is  better  than  the 
linear  fit,  but  no  significant  difference  exists  between  the  fits  for  a 
majority  of  the  tests. 

41.  Straight  beam  analysis  may  be  sufficient  for  conduits  with  R/h  as 
low  as  1.5.  Results  indicate  that  the  linear,  straight  beam  analysis  agrees 
within  70  percent  of  the  curved  beam  analysis  for  models  with  little  scatter 
In  the  strain  data,  such  as  models  Cl-1  and  C2-3.  Table  1?  shows  the  experi¬ 
mental  moments  and  thrusts  calculated  from  hyperbolic  and  linear  fits. 

43.  The  difference  between  the  observed  and  predicted  failure  loads  may 
be  the  result  of  ignoring  the  biaxial  response  of  concrete  in  the  structural 
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analysis  (Park  and  Paulay  1975).  Uniaxial  behavior  is  assumed,  but  there  is 
actually  a  significant  compressive  confinement  pressure  present  on  the  extra- 
dos  of  the  entire  conduit. 


PART  V:  CONCLUSIONS  AND  FUTURE  WORK 


Conclusions 

43.  Initial  curvatures  of  Corps  circular  conduits  affect  the  flexural- 
axial  resistance,  but  linear  straight  beam  analysis  agrees  within  20  percent 
of  the  curved  beam  analysis  for  conduits  with  R/h  =1.5  .  Therefore,  the 
normal  design  practice  for  computing  the  moment-thrust  resistance  of  uncurved 
members  may  be  sufficiently  accurate. 

44.  For  most  models  tested,  the  observed  failure  load  was  larger  than 
predicted  by  linear  elastic  analyses.  This  difference  may  be  due  to  the 
neglect  of  the  biaxial  response  of  concrete  in  the  structural  analysis. 

45.  Most  models  failed  in  the  predicted  flexural  failure  mode.  Model 
conduit  failures  are  summarized  as: 

R/h  Thickness  _ Failure _ 

1.5  Very  thick  Brittle 

2.4  Thick  3:1  loading,  ductile 

4:1  loading,  brittle 

1:1  loading,  brittle 

2:1  loading,  brittle 

4.5  Thin  Ductile 

No  shear  failures  occurred,  which  may  be  explained  by  the  loading  confinement. 
Conclusions  on  test  results  of  models  subjected  to  2-point,  4-point,  and 
three-edge-bearing  loads  are  included  in  Appendix  B. 

Future  Work 

46.  The  problems  of  plastic  behavior  and  shear  response  of  conduits  will 
be  addresses  in  future  investigations.  Nonlinear  finite  element  analyses  will 
be  performed.  Ultimate  strength  flexural  and  shear  design  criteria  for  R/C 
circular  conduits  will  be  formulated. 

47.  Future  work  will  also  include  the  analysis  of  oblong-shaped  condu¬ 
its.  Ultimate  strength  design  criteria  will  be  developed  for  oblong  conduits. 
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Table  2 
Test  Matrix 


Loadin 


0.0041-0.0045 

14** 

C4-2 

0.0071-0.0096 

18  C5-3 

13 

C2-2 

15 

C5-2 

17 

C8-3 

0.010-0.015 

16 

C6-2 

J 


*  pg  -  total  steel  ratio. 

**  Numbers  preceding  test  designations  indicate  testing  sequence. 


^SSll 


m* 


Ww 


Table  3 

Experimental  Equipment 


Hydraulic  System 
Hydraulic  cylinder  jacks 


Hydraulic  power  supply 

Hydraulic  controller 
(pressure  regulator) 


Instrumentation 
Load  cells 

Strain  gages 
Deflection  gages 
Data  logger 

_ Photography 

Sony  portable  video 
camera  and  recorder 
3 5 -mm  Camera 


Double  acting 

Hydroline  series 

Hydroline  cylinders 

Model:  N2R,  Serial  suffix:  01R, 

Bore-5  in. ,  stroke-6  in. 

Rated  for  58.9  kips  at  3,000  psi 

3,000-psi  water-cooled  pump 

Hydraulic  load  maintainer 

Challenger  Model  I0M 

Serial  No.  5M1142  rated  for  5,000  psi 


Interface  Model:  1220  AR50K,  Precision 
Universal  load  cells,  50  kips 

Micro  Measurements 

LVDT 

Model  9300  by  Monitor  Labs 


Table  4 

Steel  Reinforcement  Properties 


Type 

#2 

Heat 

Treatment 

Area 

in.2 

Number 

of 

Bars 

Tested 

None 

0.05 

5 

#3 

None 

0.11 

4 

D3 

4-1/2  hr  to  • 
4-2/3  hr 
at  1,000°  F 

0.031 

6 

D 1 

3-1/2  hr  at 

0.01 

19 

1,000°  F 


Aver¬ 

age 

f 

y 

ksi 

Average 
Modulus 
of  Elasticity 

E  x  106  psi 
s  r 

Average 

Ultimate 

Stress 

ksi 

Average 

Rupture 

Stress 

ksi 

54.2 

28.1 

71.7 

66.1 

63.1 

25.5 

98.4 

87.8 

68.2 

27.0 

74.3 

64.9 

81.4 

32.7 

83.3 

67.2 
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P3 

CJ 

v5 

G 

cZ 

z-*> 

CJ 

tr 

X 

4 

X 

p 

P 

P 

P 

p 

p 

p 

p 

p 

p 

P 

CO 

CO 

CO 

CC 

CO 

CC 

CC 

<0 

CO 

«0 

CC 

U 

•P 

c 

PJ 

« 

4 

4 

4* 

4 

4 

4 

4 

4 

4 

4 

'x 

a 

«~ < 

r—i 

f— ' 

t-* 

•— i 

»-i 

»— < 

r-4 

4 

4 

■p 

P 

P 

P 

P 

P 

P 

1-4 

P 

P 

P 

P 

P 

.y 

P 

P 

P 

P 

P 

P 

P 

P 

P 

P 

CL 

3 

«P 

•P 

«P 

*T-< 

u 

«P 

f-1 

"r- 

r—t 

1  P 

P 

P 

P 

P 

P 

3 

P 

P 

P 

c 

'T-‘ 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X  X) 

4  cc 

>  c 
w  j  n 
4  c. 
m  ai  •*- 
X  P  M 
O  3 


•h  3 

X  P  O 
<0  P  «H 

c  cr.  p 
X  14  3 
C  X 


Icted  2 — D  Predicted 

l.oad  Failure  l.oad 


aprlnRing  line;  pr  “  rotal  steel  ratio. 


Dlst 
Model  burl 


Note:  C  ■  crown;  ST.  «■  qprlnglnR  line;  or  ■  total  ate* 


Table  9 


SS 


:;lSj 

I 


,.*a 

'.'21 

vS 


Xv 

♦o' 

••'O' 

■•S 

.*s 


3 


* 

4 


1 


•.♦1 

r*  f 


Model 


Cl-1 


Ratios  of  Load  at  Crown  to  Load  at  Springing  Line 


Load  at 
Crown 
kips 


Load  at 

Springing  Line 
kips 


2.  10  (2.55:1)' 


Predicted 
Load  at 

Springing  Line 
_ kips _ 

1.78  (3:1)* 


Pereent 
Pi  f ference** 

+  18.0 


47.0 

17, 

,28 

(2. 

,  72: 

1) 

15.67 

(3: 

1) 

+  10.3 

C  2- 

■1 

5.65 

1 

,92 

(2 

,94: 

1) 

1.88 

(3: 

1) 

+  2.1 

3R.48 

12 

22 

(3 

,15: 

1 ) 

12.83 

(3: 

1) 

-4.8 

C  2- 

.2 

5.11 

,  70 

(1 

,92: 

1 ) 

2.60 

(2: 

1) 

+  3.8 

43.43 

23 

,46 

(l 

,85: 

I) 

21.72 

(2: 

1) 

+8.0 

C  2- 

■3 

2.13 

0 

.51 

(4 

,  18: 

1) 

0.  53 

(4: 

1) 

-3.8 

36.53 

10 

,  38 

(3 

,52: 

1) 

9.13 

(4: 

1) 

+  13.7 

C3- 

•1 

5.47 

,01 

(2 

.  72: 

l) 

1.82 

(3: 

1) 

+  10.4 

49.01 

18 

,01 

(2 

,  72: 

1) 

16.34 

(3: 

1) 

+  10.2 

C4- 

-1 

5.39 

1 

,82 

(2 

.96: 

1) 

1.80 

(3: 

1) 

+  1  .  1 

27.30 

10 

,51 

(2 

,60: 

1) 

9. 10 

(3: 

1) 

+  15.5 

C4- 

.  i 

2.33 

1 

.33 

(1 

.75: 

1) 

1.17 

(2: 

:  1) 

+  13.7 

35.71 

20 

.35 

(1 

.77: 

1) 

17.90 

(2: 

1  ) 

+  13.1 

C5- 

-1 

2.51 

0 

.  74 

(3 

.5:1) 

0.86 

(3: 

:  1) 

-14.0 

19.58 

7 

.43 

(2 

.64: 

1) 

6.53 

(3: 

1) 

+  13.8 

C  5- 

.  2 

5.18 

i 

.  76 

( 1 

88: 

1) 

2.59 

(2: 

1 ) 

+6.6 

28.62 

16 

,53 

(  1 

73 : 

1) 

14.31 

(2: 

1) 

+  15.5 

C5- 

■3 

5.00 

4 

.89 

(  1 

02: 

1) 

5.00 

(1  : 

:  1) 

-2.2 

29.17 

28 

.  70 

(1 

02: 

1) 

29.17 

(1  : 

1) 

-1.6 

C  5- 

■4 

5.21 

1 

.81 

(2 

87: 

1) 

I  .  30 

(4: 

:  1  ) 

+  39.0 

1  7.63 

5 

.69 

(3 

10; 

1) 

4.41 

(4: 

:  1  ) 

+29.0 

C  6- 

-1 

5.47 

1 

.97 

(2 

83: 

I) 

1.82 

(3: 

:  1  ) 

+6.0 

18.18 

1 

2  2 

(2 

5  2 : 

1  ) 

6.06 

(3: 

:  1  ) 

+  19.1 

( C.ont  inned ) 


*  Values  in  parentheses  denote  ratio  of  load  at  crown  to  load  at  springing 
1  ine  . 

**  Values  in  this  column  are  the  percent  differences  of  the  measured  loads  at 
springing  line  from  the  predicted  loads  at  springing  line. 


Table  9  (Concluded) 


Predicted 

Load  at 

Load  at 

Load  at 

Crown 

Springing  Line 

Springing  Line 

Percent 

Mode  1 

kips 

kips 

kips 

Difference 

C6-2 

2.41 

1.29  (1.87:1) 

1.21  (2:1) 

4-6 . 6 

20.51 

11.42  (1.80:1) 

10.26  (2:1) 

+  11.3 

C7-1 

2.17 

1.00  (2.17:1) 

0.72  (3:1) 

+38.9 

5.2b 

2.54  (2.07:1) 

1.75  (3:1) 

+45.  1 

C8-1 

3.37 

1.41  (2.39:1) 

1.12  (3:1) 

+25.9 

7.30 

3.50  (2.09:1) 

2.43  (3:1) 

+44.0 

C8-2 

2.38 

0.84  (2.83:1) 

0.60  (4:1) 

+40.0 

5.40 

2.13  (2.54:1) 

1.35  (4:1) 

+57.8 

C8-3 

2.77 

1.74  (1.59:1) 

1.39  (2:1) 

+25.2 

11.81 

7.45  (1.59:1) 

5.91  (2:1) 

+26.1 

C9-1 

2.61 

1.05  (2.49:1) 

0.87  (3:1) 

+20.7 

5.57 

2.58  (2.16:1) 

1.86  (3:1) 

+38.7 

Table  10 

Strain  Distributions  Fitted  to  Hyperbolic  and  Linear  Curves 


Hyperbolic 

Fit 

Linear 

1 

Hvper- 
bol  ic 

2 

Linear 

,  in. 

c  /h  i 

e 

u 

mi  1 1 ionths 

c  ,  in. 

c  /h 

r 

u 

mill ionths 

Model  Cl-1 ,  Crown 

2.716 

0.540 

279.0 

2.243 

0.446 

319.3 

0.967 

0.96  5 

2.664 

0.  530 

640.  5 

2.188 

0.435 

740.9 

0.959 

0.956 

2.619 

0.521 

1,104.6 

2.149 

0.427 

1,268.9 

0.970 

0.9*9 

2.597 

0.516 

1  ,  225.3 

2.184 

0.434 

1  ,524.8 

0.972 

0.971 

Model  Cl- 

1,  Springing  Line 

0.802 

450.0 

4.050 

0.805 

433.6 

0.985 

0.952 

3.790 

0.  753 

1,087.7 

3.878 

0.771 

1,057.3 

0.974 

0.929 

3.606 

0.717 

1,923.3 

3.745 

0.  744 

1,886.0 

0.962 

0.909 

3.537 

0.  703 

2,200.8 

3.685 

0.732 

2,174.5 

0.952 

0.89  3 

Model  C2-1,  Crown 

1.136 

0.272 

65.1 

1.116 

0.223 

87.9 

0.957 

0.972 

1.381 

0.276 

175.  1 

1.124 

0.225 

231.2 

0.973 

0.974 

1.485 

0.297 

401.4 

1.241 

0.248 

562.0 

0.935 

0.920 

1.440 

0.288 

584.5 

1.171 

0.234 

780.7 

0.958 

0.946 

1.408 

0.282 

764.1 

1.143 

0.229 

1,013.5 

0.967 

0.954 

Model  C2- 

1,  Springing  Line 

0.576 

0.115 

60.3 

0.  701 

0.  140 

41.7 

0.993 

0.996 

0.  724 

0.  145 

205.2 

0.948 

0.190 

159.7 

0.962 

0.990 

0.  786 

0.157 

445.8 

1.045 

0.209 

358.  1 

0.952 

0.987 

1.073 

0.215 

905.  1 

1.244 

0.249 

598.7 

0.998 

0.998 

1  .095 

0.219 

1,294.0 

1.310 

0.262 

910.8 

0.971 

0.970 

Model  C2-2,  Crown 

5.011 

123.2 

4.721 

0.941 

149.2 

0.724 

0.493 

5.159 

1.029 

225.9 

4.924 

0.982 

272.3 

0.715 

0.475 

5.353 

1.067 

459.9 

5.291 

1.055 

558.4 

0.720 

0.414 

5.212 

1.039 

669.0 

5.1 10 

1.019 

812.7 

0.733 

0.454 

5.142 

1.025 

923.8 

4.925 

0.982 

1,141.6 

0.711 

0.420 

Model  C2-; 

2,  Springing  Line 

4.221 

0.842 

231.1 

3.800 

0.  758 

236.4 

0.853 

0.737 

4.  178 

467.5 

3.762 

0.  750 

481.0 

0.844 

0.  724 

(Continued) 
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Table  10  (Continued) 


Hyperbolic 

Fit 

Linear 

Hyper¬ 

bolic 

2 

r 

Linear 

c  ,  In. 

cu 

c/h  millionths  i 

c  ,  in. 

eu 

c/h  millionths 

Model 

C2-2,  Springing  Line  (Continued) 

19.3 

4.145 

0.826 

964.  7 

3.619 

0.722 

1,034.8 

0.793 

0.604 

24.1 

4.024 

0.802 

1,398.6 

3.575 

0.713 

1  ,496.4 

0.799 

0.611 

29.  1 

4.014 

0.800 

1,984.3 

3.680 

0.734 

2,044.9 

0.851 

0.708 

Model 

C2-3 , 

Crown 

5.0 

4.177 

0.838 

125.9 

4.071 

0.817 

134.4 

0.968 

0.952 

10.0 

4.256 

0.854 

252.4 

4.136 

0.830 

272.6 

0.942 

0.921 

19.4 

4.045 

0.812 

553.3 

3.714 

0.745 

619.9 

0.889 

0.860 

24.3 

3.914 

0.  785 

817.8 

2.484 

0.699 

940.4 

0.858 

0.818 

28.8 

3.777 

0.758 

1,192.9 

3.239 

0.650 

1,431.6 

0.811 

0.746 

Model  C2-3 

,  Springing  Line 

5.0 

3.740 

0.750 

216.6 

3.767 

0.756 

195.4 

0.992 

0.968 

10.0 

3.615 

0.725 

437.2 

3.685 

0.739 

393.9 

0.994 

0.964 

19.4 

3.099 

0.622 

1,033.3 

3.232 

0.649 

945.1 

0.979 

0.909 

24.3 

2.865 

0.575 

1,523.4 

3.042 

0.610 

1,404.0 

0.969 

0.879 

28.8 

2.687 

0.539 

2,221.5 

2.879 

0.578 

2,088.0 

0.941 

0.835 

Model 

C3-1, 

Crown 

10.2 

4.794 

0.962 

192.8 

5.076 

1.018 

205.3 

0.931 

0.952 

19.7 

4.872 

0.978 

400.5 

5.122 

1.028 

430.2 

0.900 

0.924 

29.3 

4.917 

0.987 

709.7 

5.050 

1.031 

774.2 

0.855 

0.885 

38.4 

5.072 

1.018 

1,092.6 

5.129 

1.029 

1,211.4 

0.804 

0.829 

Model  C3-1 

,  Springing  Line 

10.2 

3.658 

0.734 

326.2 

3.000 

0.602 

429.7 

0.603 

0.498 

19.7 

3.502 

0.703 

683.8 

2.787 

0.559 

1,025.4 

0.514 

0.410 

29.3 

2.748 

0.551 

1,376.0 

2.171 

0.436 

1,988.8 

0.504 

0.376 

38.4 

2.614 

0.525 

2,530. 1 

2.144 

0.430 

3,622.2 

0.517 

0.389 

Model 

C4-1, 

Crown 

5.4 

2.446 

0.699 

188.0 

2.241 

0.640 

199.9 

0.960 

0.948 

10.3 

2.032 

0.581 

487.0 

1.815 

0.519 

521.3 

0.979 

0.975 

15.3 

1.590 

0.454 

1,004.0 

1.384 

0.395 

1,096.3 

0.980 

0.984 

19.4 

1.527 

0.436 

1,594.0 

1.320 

0.377 

1,750.6 

0.977 

0.984 

(Continued) 
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Table  10  (Continued) 


Load 

Level 

kips 

Hyperbolic 

Fit 

Linear 

Hyper¬ 

bolic 

2 

r 

Linear 

c  ,  In. 

c/h 

e 

u 

millionths 

c  ,  in, 

€ 

U 

,  c/h  millionths 

Model  C4-1 

,  Springing  Line 

5.4 

2.237 

0.639 

219.0 

2.317 

0.662 

218.8 

0.936 

0.905 

10.3 

1.884 

0.538 

527.0 

1.996 

0.570 

548.5 

0.886 

0.848 

15.3 

1.640 

0.469 

1,246.0 

1.847 

0.528 

1,322.5 

0.902 

0.871 

19.4 

1.805 

0.516 

2,889.0 

2.064 

0.590 

2,900.4 

0.996 

0.996 

Model 

C4-2 , 

Crown 

2.3 

2.780 

0.809 

67.3 

2.698 

0.785 

70.5 

0.978 

0.971 

10.2 

2.840 

0.826 

369.0 

2.802 

0.815 

383.5 

0.992 

0.989 

21.9 

2.760 

0.803 

1,033.0 

2.661 

0.774 

1,082.7 

0.971 

0.971 

27.4 

2.724 

0.793 

1,740.0 

2.529 

0.736 

1,880.1 

0.909 

0.913 

Model  C4-2 

,  Springing  Line 

2.3 

2.952 

0.859 

81.4 

2.810 

0.817 

83.8 

0.918 

0.892 

'0.2 

2.470 

0.719 

457.0 

2.432 

0.707 

491.4 

0.866 

0.834 

21.9 

2.300 

0.669 

1,605.0 

2.392 

0.696 

1,625.8 

0.946 

0.924 

27.4 

2.220 

0.646 

2,823.0 

2.328 

0.677 

2,863.7 

0.944 

0.922 

Model 

C5-1, 

Crown 

4.1 

2.446 

0.699 

244.0 

2.233 

0.638 

270.0 

0.920 

0.916 

8.7 

2.270 

0.649 

641.1 

2.021 

0.577 

741.5 

0.876 

0.867 

12.0 

2.234 

0.638 

981.2 

1.977 

0.565 

1,152.6 

0.860 

0.847 

14.6 

1.723 

0.492 

1,494.7 

1.501 

0.429 

1,631.1 

0.967 

0.973 

17.3 

1.619 

0.463 

1,981.5 

1.403 

0.401 

2,173.9 

0.969 

0.975 

Model  C5-1 

,  Springing  Line 

5.2 

1.995 

0.570 

358.6 

2.073 

0.592 

375.8 

0.868 

0.815 

9.2 

1.696 

0.485 

807.1 

1.849 

0.528 

835.2 

0.889 

0.844 

12.0 

1.757 

0.502 

1,269.7 

1.919 

0.548 

1,277.4 

0.922 

0.887 

14.6 

1.670 

0.477 

1,964.8 

1.850 

0.529 

1,955.7 

0.935 

0.903 

16.3 

1.607 

0.459 

2,530.0 

1.794 

0.512 

2,517.3 

0.936 

0.903 

Model 

C5-2 , 

Crown 

10.0 

2.810 

0.807 

453.2 

2.620 

0.752 

501.9 

0.891 

0.892 

15.8 

2.770 

0.795 

825.2 

2.560 

0.735 

921.6 

0.881 

0.882 

19.3 

2.710 

0.778 

1,008.0 

2.331 

0.669 

1,260.6 

0.739 

0.737 

24.  1 

2.733 

0.784 

2,110.0 

2.653 

0.  761 

2,258.5 

0.989 

0.989 

(Continued) 


Table  10  (Continued) 


Load 

Level 

kips 

Hyperbolic 

Fit 

Linear 

r 

2 

c  ,  in. 

c/h  i 

€ 

U 

millionths  c 

,  in. 

e 

u 

c/h  millionths 

Hyper¬ 

bolic 

Linear 

10.0 

2.440 

0.700 

Model  C5-2, 

469.0 

Springing  Line 

1.967  0.565 

697.1 

0.517 

0.471 

15.8 

2.280 

0.654 

936.0 

1.884 

0.541 

1,456.6 

0.500 

0.451 

19.3 

2.250 

0.646 

1,433.0 

1.970 

0.565 

1,960.4 

0.595 

0.544 

24.1 

2.200 

0.632 

2,508.5 

2.082 

0.597 

2,954.8 

0.735 

0.688 

2.2 

2.550 

0.735 

Model 

70.0 

C5-4 , 

2.232 

Crown 

0.644 

76.7 

0.863 

0.875 

5.0 

1.930 

EE3E 

317.0 

1.678 

0.484 

345.8 

S mm 

0.950 

9.0 

1.540 

650.0 

1.322 

0.381 

718.5 

mm 

0.968 

12.8 

1.400 

KH 

1,096.0 

1.198 

0.345 

1,226.3 

tfii 

0.966 

2.2 

2.500 

0.721 

Model  C5-4, 

86.5 

,  Springing  Line 

2.313  0.667 

105.8 

0.723 

0.680 

5.0 

2.046 

wEBm 

386.0 

0.596 

470.3 

0.753 

0.712 

9.0 

2.088 

mm 

1,354.9 

2.293 

0.661 

1,383.0 

0.976 

0.976 

12.8 

1.970 

US 

2,767.0 

2.195 

0.633 

2,831.6 

0.974 

0.974 

2.7 

2.710 

0.792 

Model 

129.5 

C6-1, 

2.555 

Crown 

0.747 

139.6 

0.922 

0.931 

5.3 

2.183 

442.6 

1.965 

0.574 

488.1 

0.927 

0.929 

10. 1 

2.072 

0.606 

992.3 

1.831 

0.535 

1,142.3 

0.884 

0.888 

13.6 

2.026 

1,436.9 

1.829 

0.535 

1,675.9 

0.912 

0.912 

2.7 

2.360 

0.690 

Model  C6-1 

145.4 

,  Springing  Line 

2.283  0.667 

155.6 

0.841 

0.805 

5.3 

1.706 

0.499 

459.1 

1.759 

0.514 

547.6 

0.749 

0.710 

10. 1 

1.752 

0.512 

1,339.1 

1.832 

0.535 

1,492.2 

0.815 

0.777 

10.8 

0.526 

1,909.0 

1.841 

0.538 

2,199.2 

0.779 

0.738 

2.4 

0.804 

Model 

'56.2 

C6-2 , 

2.740 

Crown 

0.786 

162.5 

0.995 

0.992 

5.4 

0.789 

374.0 

2.665 

0.765 

389.7 

0.994 

0.993 

10.2 

2.540 

0.729 

873.3 

2.402 

0.690 

914.4 

0.985 

0.993 

14.9 

0.689 

1,618.8 

2.213 

0.635 

1,711.4 

0.974 

0.973 

19.3 

2.240 

0.643 

2,717.5 

2.002 

0.575 

2,927.7 

0.941 

0.945 
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Table  10  (Continued) 


$ 

I 


s 

v. 


Model  C8-1,  Springing  Line 


Load 

Level 

kips 

Hyperboll 

c  Fit 

Linear 

Hyper¬ 

bolic 

2 

r 

Linear 

c  ,  In. 

c/h 

E 

U 

millionths 

c  ,  in, 

e 

u 

.  c/h  millionths 

Model  C6-2 

,  Springing  Line 

2.4 

2.730 

0.798 

190.9 

2.572 

0.738 

202.0 

0.847 

0.806 

5.4 

2.770 

0.795 

457.8 

2.538 

0.729 

490.1 

0.829 

0.788 

10.2 

2.620 

0.752 

1,105.8 

2.527 

0.725 

1,142.5 

0.883 

0.848 

14.9 

2.475 

0.710 

2,535.1 

2.474 

0.710 

2,557.9 

0.919 

0.890 

Model 

C7-1 , 

Crown 

0.3 

1.270 

0.589 

273.0 

1.073 

0.498 

376.7 

0.643 

0.665 

1.4 

0.867 

0.402 

552.0 

0.804 

0.373 

760.6 

0.748 

0.756 

2.2 

1.270 

0.589 

1,403.0 

1.119 

0.519 

1,729.4 

0.754 

0.773 

2.7 

1.260 

0.584 

1,657.8 

1.116 

0.518 

2,030.8 

0.762 

0.780 

3.4 

1.230 

0.571 

1,797.5 

1.095 

0.508 

2,181.7 

0.779 

0.795 

Model  C7-1 

,  Springing  Line 

0.3 

0.731 

0.339 

340.5 

0.831 

0.385 

345.1 

0.991 

0.991 

1.4 

0.661 

0.306 

586.0 

0.778 

0.360 

630.1 

0.959 

0.959 

2.2 

0.602 

0.279 

1,221.0 

0.730 

0.339 

1,387.0 

0.929 

0.929 

2.4 

0.433 

0.201 

1,293.0 

0.753 

0.349 

2,888.5 

0.664 

0.664 

Model 

C8-1 , 

Crown 

2.2 

0.574 

0.255 

639.1 

0.547 

0.243 

727.0 

0.959 

0.955 

3.4 

0.610 

0.271 

665.3 

0.587 

0.261 

780.4 

0.935 

0.933 

4.5 

0.657 

0.292 

1,285.9 

0.619 

0.275 

1,416.6 

0.966 

0.968 

5.4 

0.526 

0.234 

2,474.1 

0.500 

0.222 

2,789.3 

0.967 

0.969 

2.2 

1.200 

0.533 

499.5 

0.644 

0.286 

880.4 

0.326 

0.326 

3.4 

1.337 

0.594 

630.6 

0.653 

0.290 

1,143.2 

0.292 

0.292 

4.5 

1.214 

0.540 

1,291.2 

0.769 

0.342 

1,776.9 

0.492 

0.492 

5.4 

1.590 

0.707 

1,931.0 

0.813 

0.361 

2,439.5 

0.590 

0.590 

Model 

C8-2 , 

Crown 

2.4 

0.947 

0.446 

692.1 

0.905 

0.426 

833.9 

0.879 

0.886 

3.5 

0.841 

0.396 

1,132.0 

0.808 

0.380 

1,317.1 

0.930 

0.928 

4.4 

0.687 

0.323 

1,566.5 

0.700 

0.329 

1,959.3 

0.959 

0.958 

4.4 

0.657 

0.309 

2,111.2 

0.784 

0.369 

3,696.6 

0.805 

0.805 

(Continued) 
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Table  10  (Concluded) 


Hyperbolic  Fit 


Linear 


millionths 


u  Hyper¬ 

millionths  bolic  T  Inear 


Model  C8-2,  Springing  Line 


709.1 

1,155.0 

1,942.0 

2,442.4 


0.959 

0.932 

0.860 

0.779 


0.451 

0.439 

0.405 

0.366 


Model  C8-3,  Crown 


249.5 

946.3 

1,594.1 

1,900.0 


1.273 

1.071 

1.083 

1.106 


0.637 

0.535 

0.542 

0.553 


689.7 

1,139.9 

1,918.8 

2,418.5 


288.8 

1,170.3 

2,041.0 

2,420.5 


Model  C8-3,  Springing  Line 


22.1 
975. 1 
1,687.0 
2,137.8 


1.110  0.555 
1.037  0.518 
1.076  0.538 


1,013.4 

1,775.4 

2,237.9 


Model  C9-1,  Crown 


931.5 

973.5 
1,441.8 

1,669.6 


0.882 

1.039 

0.985 

0.962 


0.392 

0.462 

0.438 

0.427 


1,004.9 

1,067.6 

1,566.4 

1,827.6 


Model  C9-1,  Springing  Line 


1,663.4 

1,869.0 

2.667.1 

3.136.2 


1.025 

1.085 

1.092 

1.029 


0.455 

0.482 

0.485 

0.457 


1,628.6 

1,844.0 

2,615.2 

3,125.0 
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Table  12 

Moments  and  Thrusts 


Load 

Moment 

Thrust 

t  rfV « ' 

Level 

Hyperbolic 

Linear 

Percent 

Hyperbolic 

Linear 

Percent 

kips 

ft-lb 

ft-lb 

Difference 

lb 

lb 

Difference 
-■  . 1 

Model  C 1  —  1 ,  Crown 


1,211 

2,580 

4,019 

4.407 


Model  Cl-1,  Springing 


Model  C2- 1 ,  Crown 


Model  C2-1,  Springing 


Model  C2-2,  Crown 


8,308 

7,013 

15.6 

17,351 

14,615 

15.8 

26,515 

21,950 

17.2 

28,789 

25,411 

11.7 

.ine 

14,907 

17,786 

19.3 

30,824 

36,979 

20.0 

44,526 

53,333 

19.8 

46,942 

55,945 

19.2 

246 

270 

9.8 

705 

691 

2.0 

2,274 

2,561 

12.6 

2,704 

2,627 

2.8 

4,621 

4,346 

6.0 

Line 

-321 

-333 

3.7 

-267 

-119 

55.4 

-77 

411 

633.8 

3,686 

2,719 

26.2 

5,140 

4,900 

4.7 

t 

7,199 

6,327 

12.1 

13,430 

12,112 

9.8 

27,280 

25,761 

5.6 

36,979 

34,833 

5.8 

47,725 

44,478 

6.8 

Model  C2-2,  Springing  Line 


7,316 

14,191 


(Continued) 


W 


8,338 

16,111 
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Table  12  (Continued) 


Load 

Moment 

Thrust 

Level 

Hyperbolic 

Linear 

Percent 

Hyperbolic 

Linear 

Percent 

kips 

ft-lb 

ft-lb 

Difference 

lb 

lb 

Difference 

Model  C2-2 

,  Springing  Line  (Continued) 

19.3 

2,784 

3,324 

19.4 

26,896 

30,111 

12.0 

24.1 

3,682 

4,310 

17.1 

35,337 

39,204 

10.9 

29.1 

4,506 

5,001 

11.0 

44,884 

48,908 

9.0 

Model  C2-3, 

Crown 

V 

rd 


5.0 

525 

537 

2.2 

6,255 

5,523 

11.7 

10.0 

1,008 

1,055 

4.7 

12,531 

11,166 

10.9 

19.4 

2,114 

2,288 

8.2 

24,396 

21,393 

12.3 

24.3 

3,013 

3,260 

8.2 

32,879 

28,579 

13.  1 

28.8 

4,064 

4,453 

9.6 

42,404 

36,446 

14.1 

Model 

C2- 

3,  Springing  Line 

5.0 

771 

786 

1.9 

6,635 

7,351 

10.8 

10.0 

1,494 

1,526 

2.1 

12,578 

14,012 

11.4 

19.4 

3,110 

3,279 

5.2 

23,492 

26,421 

12.5 

24.3 

4,098 

4,394 

7.2 

29,403 

33,460 

13.8 

28.8 

4,992 

5,486 

9.9 

34,523 

39,751 

15.1 

Model  C3-1, 

Crown 

10.2 

770 

902 

17.1 

12,481 

10,841 

13.  1 

19.7 

1,472 

1,666 

13.1 

25,489 

22,944 

10.0 

29.3 

2,353 

2,717 

15.5 

43,233 

39,011 

9.8 

38.4 

2,967 

3,640 

22.7 

64,135 

57,730 

10.0 

Model 

C3- 

1,  Springing  Line 

10.2 

1,296 

1,922 

48.3 

10,696 

13,170 

23.1 

19.7 

2,557 

4,132 

61.6 

20,469 

25,642 

25.3 

29.3 

4,481 

6,779 

51.3 

28,847 

26,299 

8.8 

38.4 

6,429 

8,466 

31.7 

39,264 

33,892 

13.7 

Model  C4-1, 

Crown 

5.4 

599 

598 

0.2 

7,723 

6,874 

11.0 

10.3 

1,431 

1,393 

2.7 

15,231 

13,507 

11.3 

15.3 

2,481 

2,385 

3.9 

20,666 

18,193 

12.0 

19.4 

3,451 

3,272 

5.2 

27,106 

23,378 

13.8 

Table  12  (Continued) 


Moment 

Thrust 

Hyperbolic 

Linear 

Percent 

Hyperbolic 

Linear 

Percent 

i#  ^^Blllil 

ft-lb 

ft-lb 

Difference  lb 

lb 

Difference 

Model 

C4-1,  Springing  Line 

3.4 

608 

656 

7.9 

6,815 

7,790 

14.3 

10.3 

1,322 

1,499 

13.4 

13,143 

15,724 

19.6 

15.3 

2,602 

3,009 

15.6 

23,689 

29,844 

26.0 

19.4 

4,027 

4,224 

4.9 

41,094 

49,322 

20.0 

Model  C4-2 , 

Crown 

2.3 

167 

168 

0.6 

2,619 

2,392 

8.7 

10.2 

849 

855 

0.7 

13,959 

12,928 

8.0 

21.9 

2,041 

2,076 

1.7 

33,188 

30,560 

7.9 

27.4 

2,818 

2,942 

4.4 

47,164 

42,348 

10.2 

Model 

C4-2,  Springing  Line 

2.3 

180 

197 

9.4 

2,672 

2,949 

10.4 

10.2 

958 

1,092 

14.0 

12,019 

13,999 

16.5 

21.9 

2,616 

2,770 

5.9 

32,089 

36,488 

13.7 

27.4 

3,200 

3,265 

2.0 

40,695 

45,334 

11.4 

Model  C5-1, 

Crown 

5.2 

623 

646 

3.7 

7,672 

7,062 

8.0 

9.2 

1,522 

1,613 

6.0 

17,090 

15,921 

6.8 

12.0 

2,174 

2,310 

6.3 

23,986 

22,276 

7.1 

14.6 

2,979 

2,879 

3.4 

22,417 

19,256 

14.1 

16.3 

3,443 

3,242 

5.8 

24,805 

20,977 

15.4 

Model 

C5-1,  Springing  Line 

5.2 

770 

877 

13.9 

7,547 

8,871 

17.5 

9.2 

1,546 

1,764 

14.1 

13,136 

15,788 

20.2 

12.0 

2,254 

2,489 

10.4 

19,758 

23,189 

17.4 

14.6 

3,004 

3,284 

9.3 

24,837 

29,109 

17.2 

16.3 

3,340 

3,625 

8.5 

26,093 

30,509 

16.9 

Model  C5-2 , 

Crown 

10.0 

849 

912 

7.4 

12,826 

11,905 

7.2 

15.8 

1,432 

1,544 

7.8 

21,530 

19,816 

8.0 

19.3 

1,688 

1,996 

18.2 

24,487 

22,884 

6.5 

24.1 

2,579 

2,609 

1.2 

40,595 

37,972 

6.5 

(Continued) 
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Table  12  (Continued) 


Load 

Moment 

Thrust 

Level 

Hyperbolic 

Linear 

Percent 

Hyperbolic 

Linear 

Percent 

kips 

ft-lb 

ft-lb 

Difference 

lb 

lb 

Difference 

Model 

C5-2,  Springing  Line 

10.0 

806 

1,233 

53.0 

9,382 

11,437 

21.9 

15.8 

1,474 

2,234 

51.6 

16,212 

19,450 

20.0 

19.3 

2,044 

2,702 

32.2 

22,411 

24,855 

10.9 

24.1 

2,737 

3,025 

10.5 

30,269 

30, 164 

0.3 

Model  C5-4, 

Crown 

2.2 

145 

152 

4.8 

1,879 

1,634 

13.0 

5.0 

642 

633 

1.4 

5,615 

4,886 

13.0 

9.0 

1,239 

1,207 

2.7 

7,335 

6,243 

14.9 

12.8 

1,966 

1,908 

3.0 

8,939 

7,430 

17.0 

Model 

C5-4,  Springing  Line 

2.2 

158 

208 

31.6 

1,879 

2,331 

24.1 

5.0 

661 

863 

30.6 

6,551 

8,554 

30.6 

9.0 

1,950 

2,122 

8.8 

19,882 

24,001 

20.7 

12.8 

2,858 

2,925 

2.3 

27,670 

32,080 

15.9 

Model  C6-1, 

Crown 

2.7 

205 

213 

3.9 

2,942 

2,701 

8.2 

5.3 

703 

716 

1.8 

7,141 

6,485 

9.2 

10. 1 

1,445 

1,507 

4.3 

13,344 

12,153 

8.9 

13.6 

1,936 

2,012 

3.9 

16,968 

15,911 

6.2 

Model 

C6-1,  Springing  Line 

2.7 

206 

240 

16.5 

2,332 

2,638 

13.1 

5.3 

608 

795 

30.8 

4,882 

6, 162 

26.2 

10. 1 

1,546 

1,852 

19.8 

12,560 

14,787 

17.7 

10.8 

1,990 

2,356 

18.4 

16,537 

18,447 

11.5 

Model  C6-2, 

Crown 

2.4 

223 

224 

0.4 

3,217 

2,986 

7.2 

5.4 

518 

518 

0.0 

7,275 

6,704 

7.8 

10.2 

1,136 

1,130 

0.5 

14,059 

12,742 

9.4 

14.9 

1,844 

1,839 

0.3 

20,774 

18,495 

11.0 

19.3 

2,339 

2,381 

1.8 

22,757 

19,577 

14.0 

(Continued) 
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Table  12  (Continued) 


Moment  Thrust 


Hyperbolic 

Linear 

Percent 

Hyperbolic 

Linear 

Percent 

ft-lb 

ft-lb 

Dif  f erence 

lb 

lb 

Difference 

Model 

C6- 

2,  Springing 

Line 

244 

280 

14.8 

3,155 

3,426 

8.6 

558 

647 

15.9 

7,254 

7,837 

8.0 

1,208 

1,334 

10.4 

15,006 

16,283 

8.5 

2,004 

2,083 

3.9 

24,605 

25,724 

4.5 

Model  C7-1,  Crown 

181 

223 

23.2 

3,314 

3,604 

8.8 

294 

362 

23.  1 

4,159 

4,946 

18.9 

719 

769 

7.0 

13,609 

13,210 

2.9 

794 

825 

3.9 

15,079 

14,260 

5.4 

823 

840 

2. 1 

15,403 

14,542 

5.6 

Model 

C7- 

1,  Springing 

Line 

161 

182 

13.0 

2,059 

2,473 

20.  1 

252 

305 

21.0 

3,009 

3,975 

32.1 

442 

557 

26.0 

4,853 

6,856 

41.3 

368 

755 

105.2 

3,629 

10,217 

181.5 

Model  C8-I,  Crown 

443 

465 

5.0 

2,035 

2,178 

7.0 

468 

507 

8.3 

2,624 

2,936 

11.9 

841 

849 

1.0 

5,259 

5,116 

2.7 

990 

977 

1.3 

6,588 

6,361 

3.4 

Model 

C8- 

1,  Springing 

Line 

424 

649 

53.1 

6,182 

2,732 

55.8 

533 

813 

52.5 

8,676 

3,368 

61.2 

938 

1,119 

19.3 

13,904 

7,790 

44.0 

1,198 

1,257 

4.9 

24,809 

10,520 

57.6 

Model  C8-2, 

Crown 

556 

11.2 

6,464 

6,987 

8. 1 

728 

775 

6.5 

7,748 

8,143 

5. 1 

872 

959 

10.0 

5,858 

7,328 

25.1 

952 

1,157 

21.5 

7,071 

12,076 

70.8 

(Continued) 


(Sheet  5  of  6) 


Table  12  (Concluded) 


Load 

Moment 

Thrust 

Leve  1 

Hyperbolic 

Linear 

Percent 

Hyperbolic 

Linear 

Percent 

kips 

ft-lb 

ft-lb 

Difference 

lb 

lb 

Difference 

Model 

C8-2 ,  Springing  Line 

2.4 

461 

480 

4.  1 

6, 106 

6,620 

8.4 

3.5 

684 

720 

5.3 

8,708 

9,534 

9.5 

4.4 

946 

1,002 

5.9 

10,432 

11,665 

11.8 

4.4 

1 ,011 

1,074 

6.2 

8,713 

10,217 

17.3 

Model  C8-3, 

Crown 

2.8 

168 

187 

11.3 

3,399 

3,498 

2.9 

5.7 

562 

641 

14.1 

9,  152 

9,820 

7.3 

7.8 

835 

939 

12.5 

13,796 

14,406 

4.4 

8.6 

929 

1,005 

8.2 

15,861 

15,846 

0.1 

Model 

C8-3,  Springing  Line 

2.8 

197 

209 

6.1 

3,982 

4,264 

7.1 

5.7 

526 

571 

8.6 

7,916 

8,747 

10.5 

7.8 

794 

866 

9.  1 

10,601 

11,699 

10.4 

8.6 

911 

973 

6.8 

12,769 

13,817 

8.2 

Model  C9-1, 

Crown 

1.9 

537 

536 

0.2 

5,798 

5,569 

3.9 

2.7 

583 

595 

2. 1 

7,944 

7,696 

3.1 

3.4 

776 

779 

0.4 

9,724 

9,299 

4.4 

3.7 

852 

855 

0.4 

10,270 

9,776 

4.8 

Mode] 

C9-1,  Springing  Line 

1.9 

779 

820 

5.3 

8,470 

9,267 

9.4 

2.7 

847 

891 

5.2 

10,096 

10,979 

8.7 

3.4 

982 

1,026 

4.5 

11,477 

12,431 

8.3 

3.7 

1,040 

1,096 

5.4 

10,293 

11,266 

9.5 

APPENDIX  A 
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1.  The  objective  of  this  work  was  to  observe  the  convergent  effect  of 
confining  pressures  on  the  behavior  of  reinforced  concrete  (R/C)  circular  con¬ 
duits.  The  only  variable  was  the  loading  conditions:  Radial  2-,  4-,  8-,  and 
16-point  loadings,  and  a  Three-Edge-Bearing  Test  (American  Society  for  Testing 
and  Materials  1983).*  Seven  geometrically  identical,  circular  conduits  were 
fabricated,  five  being  reinforced  and  two  unreinforced.  The  two  unreinforced 
models  served  as  rehearsal  test  specimens  for  the  2-point  loading  and  Three- 
Edge-Bearing  Test.  Also,  a  calibration  steel  specimen  was  loaded  under  the 
radial  2-  to  16-point  loading  as  a  check  on  reliability  of  results. 

2.  Figure  B1  shows  a  typical  test  section  and  Table  B1  summarizes  the 


•  APPROXIMATE  SEE  TABLE  Bl  FOR  MEASURED  VALUES 
Figure  Bl.  Typical  test  section 

models.  Only  the  models  under  2-point,  4-point,  and  three-edge-bearing  loads 
failed  because  the  concrete  developed  a  compressive  strength  of  6,678  psi, 
although  4,000-psi  concrete  was  ordered.  These  specimen  failures  were 
recorded  on  video  cassette. 

Test  Plan 

3.  The  test  plan  involved  five  different  loading  conditions: 
radial  2-,  4-,  8-,  and  16-point  loads  (Figure  B2) ,  and  the  Three-Edge-Bearing 

*  References  cited  in  this  appendix  are  included  in  the  References  at  the 
end  of  the  main  text. 


MODEL  =  1.2  PT.  LOADING 


MODEL  =  2.  4  PT.  LOADING 


MODEL  =  3.  8  PT.  LOADING 


MODEL  =  4.  16  PT.  LOADING 


Figure  B2.  Load  distribution,  Models  1,  2,  3,  and  4 


Test  (Figure  B3) .  The  3:1  loading  (ratio  of  load  at  crown  to  load  at  spring¬ 
ing  line)  was  used  for  the  4-,  8-,  and  16-point  loadings.  All  models  had 
very  similar  material  and  geometric  properties  and  are  summarized  in  Table  B1 : 
curvature  R/h  =  1.5,  total  steel  ratio  =  0.8  percent,  and  outside  diameter 
=  20  in. 

4.  Before  the  concrete  models  were  tested,  the  calibration  specimen  was 
loaded  under  2-,  4-,  8-,  and  16-point  radial  loads  for  a  comparison  to  the 
results  of  the  concrete  model  tests.  Figure  B4  shows  the  dimensions  and  gage 
layout  of  the  calibration  specimen. 

5.  Next,  one  plain  concrete  model  was  tested  under  2-point  loading, 
followed  by  tests  of  the  reinforced  models  under  2-  to  16-point  radial  loads. 
The  locations  of  the  gages  are  shown  in  Figure  B5.  The  loading  apparatus  and 
data  acquisition  system  used  were  the  same  as  those  for  the  previous  series  of 
tests  on  concrete  conduits. 

6.  Finally,  another  plain  concrete  model  and  a  reinforced  model  were 
tested  by  the  three-edge-bearing  method,  according  to  ASTM  C497-83  (American 
Society  for  Testing  and  Materials  1983).  These  models  were  loaded  in  a 
hydraulic  compression  testing  machine.  The  data  acquisition  system  was  the 
same  as  that  used  for  the  other  models.  The  location  of  the  gages  is  shown  in 
Figure  B6. 

Test  Procedure 

7.  For  the  2-,  4-,  8-,  and  16-point  loadings,  the  same  test  procedure 
was  used  as  was  used  for  the  previously  reported  second  series  of  tests. 

8.  For  the  Three-Edge-Bearing  Test,  the  model  was  placed  on  two  bottom 
bearing  strips,  as  shown  in  Figure  B3.  A  point  was  marked  on  top  diamet¬ 
rically  opposite  the  point  midway  between  the  bearing  strips.  The  top  bearing 
wood  block  and  steel  beam,  shown  in  Figure  B3,  was  centered  over  this  top  mark 
and  the  movable  head  of  the  compression  machine  was  lowered  to  touch  the  steel 
beam.  The  load  was  then  applied  at  a  rate  of  1,000  lb/min  up  to  a  load  of 
18,500  lb.  At  the  18,500-lb  point,  the  top  bearing  and  steel  beam  became 
unstable  and  the  loading  was  restarted  with  the  movable  head  of  the  test 
machine  bearing  directly  on  the  model.  The  loading  rate  was  increased  to  a 
constant  rate  of  2,500  lb/min. 
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Figure  B4.  Steel  calibration  specimen 


Material  Properties 

9.  Tables  B2  and  B3 ,  respectively,  list  the  results  from  the  tensile 
tests  of  the  steel  reinforcement  and  the  uniaxial  compressive  concrete  tests. 
These  tables  list  the  required  material  properties  for  analysis:  yield 
strength  and  modulus  of  elasticity  of  the  steel  reinforcement,  28-day  and  day- 
of-test  uniaxial  compressive  concrete  strengths,  tensile  strength,  initial 
elastic  concrete  modulus,  and  Poisson's  ratio. 

Observations 


10.  Model  1  was  loaded  to  ultimate  failure  under  a  2-point  load.  The 
crack  patterns  are  shown  in  Figure  B7.  Tensile  cracks  occurred  first  at  the 
crown  intrados  at  an  applied  load  of  11,000  lb,  then  at  the  springing  line  ex- 
trados.  Radial  tension  cracks  formed  at  the  crown  intrados,  and  the  model 
failed  by  radial  tension  at  an  applied  load  of  22,150  lb.  At  failure,  the 
concrete  cover  spalled  off  the  inner  reinforcement,  and  the  reinforcement 
straightened  at  the  crown. 

11.  Model  2,  under  a  4-point  load,  cracked  first  at  the  crown  intrados 
(P  =  23,000  lb),  then  at  the  springing  line  extrados  (P  ■  42,000  lb).  Next, 
radial  tensions  cracks  began  forming  at  the  crown  intrados  (P  ■  47,000  lb). 
This  model  failed  at  P  «  56,000  lb  ,  as  a  diagonal  tension  crack  formed  at 
the  crown  section.  The  crack  patterns  are  shown  in  Figure  B8. 

12.  In  the  Three-Edge-Bearing  Test,  Model  5  cracked  first  at  the  crown 
intrados  at  an  applied  load  of  12,800  lb.  Cracks  formed  at  the  springing  line 
extrados  at  an  applied  load  of  13,000  lb.  In  the  same  manner  as  the  2-point 
load  test,  the  model  failed  in  radial  tension  at  an  applied  load  of 

21,300  lb.  The  crack  patterns  are  shown  in  Figure  B9. 

13.  Models  3  and  4  under  8-point  and  16-point  loadings,  respectively, 
were  subjected  to  the  maximum  possible  pressure  (P  ■  57,000  lb)  that  the 
hydraulic  jacks  could  produce.  No  cracking  or  signs  of  failure  were  observed. 

14.  The  two  unreinforced  models,  loaded  by  2-point  loads  and  the  three- 
edge-bearing  method,  each  failed  by  a  sudden  brittle-type  failure.  They  broke 
into  four  approximately  equal  sections  along  planes  through  the  crown  and 
springing  line  sections.  The  crack  patterns  are  shown  in  Figure  B10.  The 
observed  failure  load  was  10,160  lb  for  the  unreinforced  model  loaded  by  the 
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Figure  B7.  Crack  patterns  of  2-point  loading  test 
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Figure  B9.  Crack  patterns  of  Three-Edge-Bearing  Test 

three-edge-bearing  method.  The  failure  load  for  the  unreinforced  model  unde 
the  2-polnt  load  was  not  recorded.  Photographs  of  the  failed  specimens  are 
shown  in  Figures  Bll  to  B15. 


Conclusions 


15. 


The  observed  model  conduit  failures  are 


summarized  as  follows: 


_ Test _ 

2-point  load 
Three-edge-bearing  load 
4-point  load 


Failure 
Load,  lb 

22,150 

21,300 

56,000 


L'nreinforced,  2-point  load 

l'nreinforced,  three-edge¬ 
bearing  load 


Type  of  Failure 

Radial  tension 

Radial  tension 

Radial  tension  and 
diagonal  tension 

Brittle 


10,160 


Brittle 


w 


2-point  loading 
Date  tested:  9/17/84 
R/h:  1.5 
eg:  0.8% 

Figure  B 1 1 .  Model  1 


4-point  loading 
Date  tested:  9/18/84 
R/h:  1.5 
eg :  0.8% 


Figure  B12.  Model  2 


B  1  3 


Unreinforced 
Three-Edge-Bearing  Test 
Date  tested:  9/20/84 
R/h:  1.5 


Figure  B15.  Rehearsal  specimen 


The  increase  in  failure  load  for  the  4-point  over  the  2-point  and  Three-Edge- 
Bearing  tests  may  be  explained  by  the  increase  in  loading  confinement.  The 
type  of  failure  for  these  tests  differed  from  the  previous  series  of  16-point 
tests  due  to  the  effect  of  loading  confinement. 

16.  Structural  analyses  should  be  performed  on  the  test  data  to  show 
the  effect  of  confinement  on  circular  conduits.  Future  analyses  should  ad¬ 
dress  shear  resistance  and  plastic  behavior  of  concrete. 
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Table  B1 

Summary  of  Models 


?  Model 

/  No . 

Type  of 
Loading 

R/h 

Total  Steel 
Ratio,  og  ,  7. 

R 

in. 

h 

in. 

B 

in. 

d 

in. 

d1 

in. 

r, 

1 

2  point 

1.502 

0.  Ilk 

7.484 

4.984 

5.078 

4.296 

0.766 

i  2 

4  point 

1.506 

0.774 

7.485 

4.969 

5.094 

4.266 

0.773 

1  3 

8  point 

1.495 

0.777 

7.500 

5.016 

5.031 

4.321 

0.734 

l'  4 

16  point 

1.503 

0.784 

7.492 

4.984 

5.016 

4.304 

0.758 

t:  5 

Three-edge- 

1.502 

0.784 

7.508 

5.000 

5.000 

4.289 

0.781 

f 

H 

bearing 

Table  B2 

Steel  Reinforcement  Properties 


•j  - 

« 

►  ■ 

> 

I  Type 

Area 

2 

Heat  Treatment  in. 

Number 

of 

Bars 

Tested 

Average 
fy  ,  psi 

Average 

Modulus 
of  Elasticity 

E  x  io6  psi 
s 

V  D5  deformed 

r  wire 

3-1/2  hr  at  1,050°  F  0.049 

4 

65,695 

22.4 

Table  B3 

Concrete  Properties 

P 

r 

r 

> 

Number 

of 

Cylinders 

Tested 

Da  tes 
Tested 

Age 

Days 

Average 
f’  ,  psi 

Average 
Initial 
Elastic  Con¬ 
crete  Modulus 

E  x  10^  psi 
c 

Average 
Poisson ' s 
Ratio 

Average 

Tensile 

Strength 

psi 

■ 

2 

8/29/84 

28 

6,170 

— 

— 

— 

5 

9/17/84- 

9/24/84 

47-54 

6,678 

5.78 

0.22 

— 

2 

9/18/84- 

9/19/84 

543 

C.' 
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APPENDIX  C 
LOAD  DISTRIBUTIONS 


Model  C5-1,  3:1  load,  19,300-lb  maximum 
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Model  C5-4,  4:1  load,  17,600-lb  maximum 
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Nonlinear  least  Squares  Regression  Analysis 
(Hyperbolic  Strain  Distribution) 

1.  The  hvperbolic  strain  distribution  according  to  Timoshenko's  curved 
beam  theory  (Timoshenko  1941 )*  Is  (for  the  positive-moment  case) 


•  (v) 


y(»*?K 

(R  +  3  -  C  +  v^c 


where 

•  strain 

v  «  distance  from  the  neutral  axis 

R  ■  radius  of  initial  curvature  to  middepth  of  section 
h  ■  overall  depth  ot  section 
»  maximum  compressive  strain 
c  ”  depth  ot  section  In  compression 

Replace  v  with  (v'  -  h  +  ci,  where  v*  is  the  distance  from  the  intrados. 

» 

Also,  discretely  replace  *(y)  with  i^fv^)  or  and  v'  wit h  y^  . 

Therefore,  the  data  will  be  lifted  to  the  curve  bv  the  equation: 


( v  '  -  h  +  c )  K  f 
1 _ u 

‘  1  "  ’  ( v  *  -  h  +  K)c 


(FI) 


where 


K  •  R  +  h/2 


and  f  and  c  are  the  undetermined  coefficients  to  be  solved  for  bv  the 
u 

least-squares  method. 


References  cited  In  this  appendix  are  included  In  the  References  at  the  end 
of  the  main  text. 


The  error  term  e^  is: 


(V;  -  *^u 

(yj  -  h  +  K)c 


f  v  |  -  h  +  K ) 


The  sum  of  the  squares  of  the  error  term  is: 


V  2  V  [ 

Z  ei  '  Z  f i  (v*  -  h  +  Klc 

1  _  }  A  __  1  L. 


(v'  -  h  +  io 


where  N  is  the  r.umher  of  dura  pairs  ( <- ^  ,  v  ^  1  .  .  .  ( r  ^  ,  v^.l  .  he  t  ru  ”  3 
maximum  compressive  strain,  a"'!  c  *  p  ,  location  of  the  neutral  axis  (N.A.l 


then  the  term  in  Fquation  FI 
to  ,  and  a  . 


•  I  <v:’  • 


is  to  he  minimized  with  respect 


1 .  To  solve  for  x  and  f  the  following  ecuations  are  formed: 


■  f  < 


(vj  -  h  +  K) p 


(vj  -  h  +  K 1 


(vi  -  h>  ,  i 

f  v  ’  -  h  +  to  p  +  (v  j  -  h  +  kV 


if  fi.ei 


\  fvi  -  h)K'  K,  <v|  -  h> 

.  .  fi  (v!  -  h  +  K )  t'  ~  (v’  -  h  +  IO  (w'-h+K) 


(vj  -  h) 


2 


f (m.B) 


^  (y *  -  h)Ka 

Z  ei  '  (v!  -  h  + 


K)B  (v|  -  h  +  tO 


Solving  Equation  F4  for  a  yields: 


N  r  } 

y  c.  (vi  ■  h  +  e> 
i-i  [  (y[  -  ^  +  k) 


£  (y[  -  h  +  B)" 

i-1  (v*  -  h  +  K)2 


Substituting  Equation  F6  for  a  into  Equation  F5  for  B  yields: 


V  ,vi  -  h'  S  (vi  ~  h>  _  _  V  — | — — 1 _  V 

2.  .  rV;-  -  ♦  7.  1  (v.  .  h  +  Kr-  L  (yj  -  h-  +no  Z 


(y|  -  h>' 
(yj  -  h  +  K) 


i  v  _ S  :Z_  Y  (yi  ~ h)  v  i 

'  *>'♦  L  <;•  -  h  ♦  K ) '  '  L  (yl  -  h  +  K)"  L  <y!  -  h  ♦  K>2 

.  i«i  .  *  .  1*1.  -  i-i  L 


Hyperbolic  Strain  Distribution  Fit  for 
the  Negative  Moment  Section 


4.  The  hyperbolic  strain  distribution  for  the  negative  moment  case  is: 


v(*  -  jK 

(r  -  |  +  c  -  y)c 


Replace  v  with  fv'  -  h  +  c) ,  where  v'  is  the  distance  from  the  extrados. 
Therefore,  the  data  will  be  curve-fitted  by  the  equation: 


(v!  -  h  -  c ) Kr 
i  u 


' i  f-vj  +  h  +  Klc 


t  *-  ^  *-  *  * 


iwnw 


where 


K  -  R  -  h/2 


The  same  solution  procedure  previously  described  for  the  positive  moment  case 
is  used. 

i  =  Equation  Fb;  however,  replace  (vj  -  h  +  K)  with  (-vj  +  h  +  K)  and 
(vj  -  h  +  tO"  with  (-vj  +  h  +  K) ' 
r  -  F.quation  F7;  however,  replace  all  terms  (vj  -  h  +  K)  with 

(-vj  +  h  +  K)  and  all  terms  (vj  -  h  +  K)'  with  (-vj  +  b  +  K)  ‘  . 


Correlation  Coefficient  (Miller  and  Freund  1977) 


S .  The  correlation  coefficient  squared  gives  statistical  inference  to 
quantify  the  correlation  between  the  data  and  the  fitted  curve.  The  equation 
below  measures  the  correlation  bv: 


1 


i-i 


\  (f  -  r  )2 

i  1 
i-1 


(Fin 


the  correlation  coefficient  squared 
measured  value 
pred i c t ed  va 1 ue 

average  of  measured  values 

I.  i  nea  r  Kegres  s  i  on 

b.  The  data  that  were  fitted  with  the  hyperbolic  curve  were  also 
analyzed  bv  the  linear  regression  method.  This  gave  a  comparison  of  the 
statistical  differences  between  a  hyperbolic  and  a  linear  strain  distribution 


where 

r ' 

f 

1 

’  1 


for  the  same  data.  The  linear  regression  formulas  can  be  found  in  most 
statistics  references.  And  some  hand  calculators  also  have  linear  regression 
equations  preprogrammed  by  keystroke  operations. 
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APPENDIX  H 
NOTATION 


Factor  that  Is  a  function  of  location  on  ring  and  ratio  of  load  at 
crown  to  load  at  springing  line  as  defined  In  Equation  1,  Part  IV 

Factor  that  Is  a  function  of  ratio  of  load  at  crown  to  load  and 

springing  line  as  defined  in  Equation  2,  Part  IV 

Factor  that  is  a  function  of  inner  and  outer  radius  of  ring, 

location  on  ring,  and  ratio  of  load  at  crown  to  load  at  springing 
line  as  defined  in  Equation  4,  Part  IV 

Width  of  section 

Depth  of  section  in  compression 

Ratio  of  depth  of  section  in  compression  to  overall  depth  of  section 
Crown 

Distance  from  lntrados  to  outer  reinforcing  steel  as  shown  in  Fig¬ 
ure  1  (distance  from  extreme  compression  on  fiber  to  centroid  of 

tension  reinforcement  at  springing  line  or  negative  moment  sections) 

Distance  from  lntrados  to  inner  reinforcing  steel  as  shown  in 

Figure  1  (distance  from  extreme  compression  fiber  to  centroid  of 

compression  reinforcement  at  springing  line  or  negative  moment) 

Error  term  in  strain  distribution  fit 

Initial  elastic  concrete  modulus 

Modulus  of  elasticity  of  steel 

28-day  uniaxial  compressive  strength  of  concrete 

Yield  strength  of  reinforcing  steel 

Overall  depth  of  section 


Factors  used  in  Airy  stress  analysis  of  thrust  as  defined  in 
Equation  4,  Part  IV  for  purpose  of  simplifying  and  shortening 
lengthy  equations 

Number  of  data  pairs  for  strain  distribution  fits  as  defined  in 
Appendix  F 

Varying  pressure  component  magnitude 
Observed  failure  load 
Predicted  failure  load 
Implosion  pressure 

Uniform  pressure  component  magnitude 

Correlation  coefficient  squared  as  defined  In  Appendix  F 


R  Radius  of  initial  curvature  to  middepth  of  section 

R/C  Reinforced  concrete 

R^  Inner  radius 

R  Outer  radius 

o 

R/h  Ratio  of  radius  to  height 

S  Distance  from  center  of  reinforcing  steel  to  nearest  side  as  shown 
in  Figure  1 

SL  Springing  line 

T  Resultant  thrust  on  section 

t/D  Ratio  of  wall  thickness  to  outside  diameter 

o 

W  Distributed  normal  loading 

y  Distance  from  the  neutral  axis 

y'  Distance  from  the  intrados  at  the  positive  moment  section  or 

distance  from  the  extrados  at  the  negative  moment  section 

a  Maximum  compressive  strain 

B  Location  of  neutral  axis 

Yc  Unit  weight  of  concrete 

c  Strain 

Measured  value  of  strain 
Predicted  value  of  strain 
eu  Maximum  compressive  strain 

Average  of  measured  values 

0  Angle  measured  from  springing  line 

\  Factor  used  in  Airy  stress  analysis  of  thrust  as  defined  in 

Equation  4,  Part  IV  for  purpose  of  simplifying  lengthy  equations 

v  Poisson's  ratio,  day  of  test 

pg  Total  steel  ratio  ■  area  of  total  steel  divided  by  width  and  overall 
depth  of  section 
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